Functioning InP/InGaAs/InP p-i-n photodiodes were integrated onto a Si substrate using hydrogen-induced layer transfer process ͑ion cut͒ combined with selective chemical etching. This device transfer process minimizes the hydrogen implantation-induced damage and simultaneously improves the transferred surface flatness for device processing. After transfer, the dark current under the reverse bias increased by ϳ50 times over that of the as-grown photodiodes at Ϫ1.5 V, while the photoinduced current was comparable to that of the as-grown sample. These results were discussed in terms of interactions between minority carriers and the remaining implantation-induced damage. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3062848͔
Optoelectronic integrated circuits that combine III-V based optoelectronic devices with Si-based microelectronic circuits have various applications including optical interconnections, transmitters/receivers, and optical switching chips. [1] [2] [3] InP-based photodetectors and lasers on Si substrates are particularly of interest for optical interconnection purposes since their optical spectra can cover low dispersion and minimum loss wavelengths for optical fiber communications at 1.35 and 1.55 m. 4 To overcome the difficulty of epitaxial growth caused by lattice mismatch between different materials, wafer bonding has been utilized for integration of III-V materials with Si. Recently the ion-cut process ͑or Smart-cut®͒ based on hydrogen ion implantation and wafer bonding has been used to integrate III-V layers on Si. 5 The obtained III-V-on-Si structures have been used as templates for subsequent epitaxial growth of device structures. 4, 6, 7 Before the regrowth of epitaxial layers, a chemical mechanical polishing is usually required for improving the as-transferred III-V surface flatness and removing the residual hydrogen implantation-induced damage near the surface region. [6] [7] [8] Recently we demonstrated a high quality III-V layer transfer scheme that combines ion cutting together with selective chemical etching. 9 The method reduces the ion implantationinduced damage and improves the transferred surface flatness. In this work, we demonstrate the use of this method to transfer a III-V device structure onto Si, instead of the epitaxial growth of the device structure on the transferred layer serving as a template. This study presents an alternative approach to such device integration on Si and also provides direct evidence of the effects of hydrogen implantation damage on device performance.
The schematic in Fig. 1 shows the process flow for transferring a p-i-n photodiode onto a Si substrate.
A p-InP ͑140 nm͒ / i-InGaAs ͑260 nm͒ / n-InP ͑150 nm͒ / ϫInGaAs ͑300 nm͒ / InP heterostructure was grown by metal organic chemical vapor deposition on a n-type InP ͑100͒ wafer. The top p-InP layer was doped in situ with Zn to a concentration of 2 ϫ 10 18 cm −3 and the n-InP layer was doped with Si to 3 ϫ 10 18 cm −3 . The 300-nm-thick undoped InGaAs layer below the p-i-n structure served as an etchstop layer after layer transfer. The as-grown sample was coated with a 65-nm-thick SiN x film using plasma enhanced chemical vapor deposition to protect the surface during ion implantation. H + ions were implanted at 160 keV with a dose of 8.5ϫ 10 16 cm −2 at −15°C. After implantation the protective SiN x layer was removed by 1% hydrofluoric acid and the sample was cleaved into 1 ϫ 1 cm 2 pieces. A piece of ima͒ Author to whom correspondence should be addressed. Electronic mail: eepchen@ust.hk.
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InGaAs ( planted heterostructure sample and a piece of Si substrate, which had been coated with a 68-nm-thick thermal SiO 2 layer, were cleaned with organic solutions. Then both pieces were cleaned with RCA1 solution ͑NH 4 OH: H 2 O 2 :H 2 O =1:2:10͒. After an oxygen plasma activation on both pieces for 30 s at a power of 150 W, the two pieces were placed in contact at room temperature in air, followed by a thermal anneal at 90°C for 10 h under an external applied pressure of 1 MPa to increase the bonding strength. Upon a subsequent annealing at 140°C, the bonded structure exfoliated around the depth of the projected range of hydrogen in the original InP substrate and resulted in a structure of InP ͑350 nm͒/InGaAs ͑300 nm͒/InP ͑150 nm͒/InGaAs ͑260 nm͒/ InP ͑140 nm͒/SiO 2 ͑68 nm͒ / Si substrate. The transferred structure was further annealed up to 650°C in forming gas ͑10%H 2 / N 2 ͒ for 15 min, and the top InP and InGaAs layers were selectively etched in sequence, resulting in an InP/ InGaAs/InP n-i-p structure on the SiO 2 / Si substrate. Photodiodes were then fabricated on the transferred structure as shown in Fig. 1͑f͒ . The active area for each photodiode was ϳ0.7 mm 2 . Ring-shaped Ti ͑10 nm͒/Au ͑100 nm͒ metal contacts were patterned on the top n-InP surface. After a mesa-etch through the n-InP surface and i-InGaAs layers, Zn ͑50 nm͒/Au ͑150 nm͒ was used as contact metals on the p-InP surface. The sample was then annealed at 350°C in forming gas for 2 min to facilitate the formation of ohmic contacts. The top view of the final devices is shown in the inset of Fig. 2͑a͒ . For comparison, p-i-n photodiodes were fabricated on the as-grown sample ͓see Fig. 1͑a͔͒ as a control sample, with the same dimensions as for the transferred devices. Ti ͑10 nm͒/Pd ͑10 nm͒/Au ͑100 nm͒ p-type metal contacts were deposited on the top InP surface. Ti ͑10 nm͒/Au ͑100 nm͒ were deposited on the n-InP surface as side n-type metal contacts. Also, to ascertain the effect of hydrogen ion implantation damage on device performance, p-i-n photodiodes were fabricated directly on the H + as-implanted sample ͓see Fig. 1͑b͔͒ using identical fabrication process as on the as-grown sample.
The current-voltage ͑I-V͒ curves for the as-grown sample and the transferred sample are plotted in semilog scale as shown in Fig. 2 . Dark currents in the forward bias region are presented in Fig. 2͑a͒ . The ideality factor n was extracted and found to be 1.68 for the as-grown sample, indicating the presence of considerable interfacial defects in this sample that gave rise to recombination currents. In comparison to the devices on the as-grown sample, the transferred devices showed higher forward current in the low bias voltage region ͑Ͻ1 V͒ and lower current in the high voltage region ͑Ͼ1 V͒. The ideality factor also increased from 1.68 to 1.84, indicating an increase in recombination current after transfer. Figure 2͑b͒ shows dark and photocurrents in the reverse bias region. The photocurrents were measured under an infrared light source at a wavelength of 1.55 m and a power density of ϳ0.1 W / cm 2 . The breakdown voltage for the as-grown sample is ϳ3.7 V. This is lower compared to the estimated value of 5.2 V for the p-i-n photodiode in this study, assuming that the breakdown field for In 0.53 Ga 0.47 As is 2 ϫ 10 5 V / cm. 10 After transfer, the dark current under the reverse bias increased by ϳ50 times over that of the asgrown sample at Ϫ1.5 V. The photoinduced current was comparable to that of the as-grown sample. The p-i-n photodiodes fabricated on the as-implanted sample exhibited a short-circuit element-like I-V behavior ͑not shown here͒.
The changes in electrical properties after implantation and transfer were examined using differential Hall effect measurements based on the van der Pauw method. 11 For comparison, carrier concentration and mobility for the corresponding layers in the as-grown sample were estimated based on calibration growth runs and are listed in Table I . After the layer transfer and annealing at 650°C, the carrier concentration for the n-InP layer and the undoped InGaAs layer recovered to similar levels as for the as-grown layers, while the mobilities for these two layers were still lower than for the as-grown samples. The hole concentration of the Zndoped p-InP layer dropped significantly from ϳ2 ϫ 10 18 to 2. 2 . ͑Color online͒ Current-voltage ͑I-V͒ characteristics of photodiodes before and after transfer ͑semilog scale͒: ͑a͒ dark current in the forward bias region, ͑b͒ dark and photocurrents in the reverse bias region. Inset: optical microscopic image on a local area of the finished p-i-n photodiodes on Si ͓see Fig. 1͑f͔͒ , showing the ring-shaped n-type metal contacts on the top n-InP surface of the mesa structures. with k B as the Boltzmann constant. By assuming a Gaussian diffusion profile, the remaining zinc dopant concentration in the p-InP layer is expected to be ϳ1 ϫ 10 17 cm −3 , much higher than the measured value ͑2.8ϫ 10 16 cm −3 ͒. Therefore, ion damage, in addition to zinc diffusion, is considered to have a significant effect on the electrical properties of the transferred layers.
The degradation of the electrical properties due to hydrogen implantation-induced damage in InP has been observed in literature and in our previous studies. [13] [14] [15] Antisite defects, In P in n-InP layer and P In in p-InP layer, and related defect complexes created in the replacement collisions, act as deep level carrier trapping centers. The In P defects are responsible for electron trapping and the P In defects are reported to be responsible for hole trapping. 14, 16 At the as-implanted stage without any annealing steps, the presence of high-density defects in the implanted sample enabled current conduction through an electron hopping mechanism. 13 It has been observed that when hydrogen concentration is sufficiently high, typically ϳ10 17 cm −3 , the resulting carrier trapping states in the band gap are closely spaced, allowing the trapped electrons to transport through hopping. 13, 14 In this study, the total thickness of the p-i-n photodiode is 550 nm, and the implant energy is 160 keV with a projected range of 1.2 m. Based on an ion range simulation using the Stopping and Range of Ions in Matter ͑SRIM͒ 2006 computer code, 17 the hydrogen volume concentration of the top p-InP and i-InGaAs layers would be ϳ0.5% of the peak concentration of hydrogen at the projected range. Due to the relatively high hydrogen dose required in the ion-cut process ͑8.5ϫ 10 16 cm −2 in this case͒, the hydrogen concentration in the active device region was still of the order of 10 19 cm −3 . Therefore, electron hopping conduction could likely occur in the as-implanted sample.
The finished photodiodes on the Si substrate, upon completion of all the processing steps, had the heavily damaged regions etched away from the top of the transferred structure. After thermal annealing, the defect density dropped significantly, leading to a reduction in electrical conductivity. The carrier concentration in the n-InP and i-InGaAs layers recovered to a level similar to that of the as-grown sample. There was still considerable implantation damage in the p-InP layer that could not be removed by annealing at 650°C. This agrees with the reported results that the P In defects in p-InP are more difficult to remove compared to In P in n-InP. 14, 18 These defect residues, mostly P In , act as deeplevel donors in p-InP that compensate the original carrier concentration. 15 The increase in resistivity in the p-InP layer agrees with the observation that the forward current of the transferred sample is low in the high forward bias region where the layer series resistance dominates. The transferred sample showed higher current than the as-grown sample at low forward bias voltage due to trap-assisted recombination. These observations suggest that the recovery of the implantation damage determines to a large extent the performance of minority carrier devices.
In summary, InP/InGaAs/InP p-i-n photodiodes initially grown on an InP substrate were transferred onto a SiO 2 / Si substrate using a combination of ion cut and selective etching. This study demonstrates the feasibility of this process and its initial application to the formation of functioning minority carrier devices on Si. Further improvement of the device performance may be achieved by annealing at higher temperatures under pressure. It is expected that this transfer process would be applied to majority carrier devices as well, such as n-channel InP devices, since they are less sensitive to implantation damage. 
